A liquid bath contained in a cylindrical vessel is strongly agitated by a swirl motion of a liquid jet. This phenomenon is beneficial for the enhancement of the reaction efficiency of metals refining processes as well as wastewater treatment. The condition for the occurrence of the swirl motion was determined based on water model experiments as a function of the aspect ratio of the bath and a modified Rossby number. The physical properties of liquid hardly affected the occurrence of the swirl motion under the present experimental conditions. Empirical equations were proposed for predicting the occurrence of the swirl motion.
Introduction
In the current steel refining processes a molten metal bath is usually agitated by gas injection. Electromagnetic force and mechanical stirring are also used under special conditions. The input energy, however, is not always effectively used, and, as a result, the mixing efficiency is not necessarily high. 1, 2) Considering these circumstances, the authors proposed a novel agitation method for a molten steel bath using a swirl motion of a bottom blown steel jet. 3, 4) The jet can be generated by making use of a potential energy difference between the surfaces of the baths contained in two vessels. This swirl motion is very similar to that observed in a cylindrical bath agitated by bottom gas injection. [5] [6] [7] [8] [9] [10] [11] [12] As a first step, water model experiments were carried out to validate the usefulness of that method. 3, 4) Water was injected through a centered single-hole bottom nozzle into a water bath contained in a cylindrical vessel to generate a water jet above the nozzle. The bath was strongly agitated when a swirl motion of the water jet occurred. The preferable occurrence condition under which the swirl motion occurred was correlated in terms of the aspect ratio of the bath and a modified Rossby number. 3) This agitation method is also applicable to wastewater treatment. The authors are trying to develop a method of removing BOD, COD, and dioxin contained in wastewater by chemical reactions with ozone. 12, 13) The kinematic viscosity of wastewater sometimes becomes higher than that of water due to many causes. For example, wastewater includes impurities such as oil droplets, powders, and so on. In this study further experiments were carried out using silicone oil, kerosene, and fluorinert to investigate the effects of the physical properties of liquids on the swirl motion. A simple prediction method was proposed for the condition describing the occurrence of the swirl motion. Figure 1 shows a schematic of the experimental apparatus. The cylindrical test vessel was made of transparent acrylic resin. The inner diameter of the vessel, D, was 0.10, 0.13, 0.15, and 0.20 m. Water, silicone oil, kerosene or fluorinert was supplied from a centered single-hole bottom nozzle into the vessel, drawn from four drainage nozzles settled on the bottom plate of the vessel, and circulated with a pump. The inner diameter of the bottom nozzle, d nen , was 0.005, 0.010, 0.013, and 0.015 m. The bath depth, H L , was varied from 0 to 2D in every vessel. The liquid flow rate, Q L , was increased up to 6:00 Â 10 À4 m 3 /s. The positions of the drainage holes did not affect the swirl motion as long as they were placed near the side wall of the vessel.
Experimental apparatus and procedure
3) The test vessel was enclosed with another vessel with a rectangular cross-section made of transparent acrylic resin. The clearance between the rectangular vessel and the cylindrical vessel was filled with water to avoid the distortion of video images of a swirling water jet observed from the side of the vessel. The physical properties of the liquids are listed in Table 1 . The occurrence of the swirl motion of a water jet was judged with a digital video camera and by eye inspection. The measurements were repeated three times under every experimental condition to determine the condition for the occurrence of the swirl motion.
Experimental Results and Discussion

Condition for the occurrence of swirl motion in
water bath According to the previous water model experiments, 3 ) the boundary of the region in which a bottom blown liquid jet exhibits a swirl motion (see Fig. 2 ) can be correlated in terms of the aspect ratio, H L =D, and the following modified Rossby number, Ro m .
where g is the acceleration due to gravity. Figure 3 shows some experimental results for a water bath. The boundary appears to be divided into four sub-boundaries, (1), (2), (3), and (4). Although the sub-boundary (3) is not clearly identified in Fig. 3 , this sub-boundary is known to be located around H L =D ¼ 1:7. 14) In the following the functional relationship between H L =D and Ro m will be derived for each sub-boundary.
3.2
Relationship between H L =D and Ro m for subboundary (1) The swirl motion which is observed in the region enclosed with the four sub-boundaries resembles the well-known rotary sloshing occurring in a cylindrical vessel subjected to horizontal or vertical forced oscillation. 15, 16) This is because the surface of a bath agitated by a liquid jet is also oscillated by impingement of the jet. The rotary sloshing takes place when the aspect ratio is greater than approximately 0.2. Therefore, the swirl motion around the sub-boundary (1) seems to occur when the height of the elevated bath surface caused by the impingement of the jet, H LeB , exceeds a certain critical value (see Fig. 4 ). The height of the elevated bath surface is closely associated with the bath surface oscillation. This condition can be expressed by
where k 1 0 is a constant and Q Ls is the liquid flow rate at the bath surface.
17) The flow rate, Q Ls , is greater than Q L for H L =d nen ! 3:3 because of the entrainment of the liquid in the bath into the liquid jet. In practical applications H L =d nen is greater than 3.3. Substitution of eqs. (3) and (4a) into eq. (2) yields
The coefficient, k 1 ½¼ 3:70ðk 1 0 Þ 1=2 can be determined by fitting eq. (5a) to the measured values for the sub-boundary (1) in Fig. 3 to give
Accordingly, the sub-boundary (1) is expressed by
The validity of eq. (6) for kerosene, fluorinert, and silicone oil will be shown in a later section.
Relationship between
1=3 . We tentatively assume that the swirl motion appears when the pressure fluctuation at the bath surface exceeds a certain critical value (see Fig. 4 ).
where L is the density of liquid, b u is the half-value radius of a liquid jet on the bath surface, and k 2 0 is a constant. In eq. (7), L gH L is the initial static pressure on the bottom wall of the vessel. Equation (8) is an empirical equation derived previously for a single jet issuing out of a circular nozzle. 18) Substitution of eqs. (4a) and (8) into eq. (7) gives
where k 2 ½¼ 2:06ðk 2 0 Þ À1=3 is a constant. Comparison of eq. (9a) and the measured values in Fig. 3 yields
The sub-boundary (2) is described by
3.4
Relationship between H L =D and Ro m for subboundary (3) Although a prediction method of this sub-boundary was already given in the previous paper, 17) details of the method will be rewritten in the following for a better understanding of the cessation of the swirl motion on this sub-boundary.
The swirl motion is assumed to cease when the diameter of the jet on the bath surface, D jet , exceeds a certain critical value (see Fig. 4 ).
where k 3 0 is a constant. It is eventually difficult to show the outer edge of the jet, because the axial velocity component in the jet follows a Gaussian distribution. Accordingly, the diameter of the jet, D jet , is conventionally defined using the half-value radius, b u , of the axial velocity distribution as follows:
where b u is the half-value radius expressed in eq. (8).
Comparison between the measured values in Fig. 3 and the equation resulting from the combination of eqs. (8), (11) , and (12) yields
Accordingly, the swirl motion occurs for
The sub-boundary (3) is expressed by
Relationship between H L =D and Ro m for subboundary (4) There are two possibilities for predicting this sub-boundary. 3.5.1 Relationship based on the inertial force of injected liquid When the inertial force of the injected liquid, F i , becomes greater than a certain critical value, the jet is likely to rise straight upward and, as a result, the swirl motion is considered to cease (see Fig. 4 ).
where W LB is the weight of the liquid in the bath and k 4 0 is a constant. Substitution of eqs. (16) and (17) into eq. (15) yields
The coefficient, k 4 ½¼ 1:62ðk 4 0 Þ À1 was determined to be 26. The swirl motion therefore appears for
The sub-boundary (4) is expressed by
3.5.2 Relationship based on the height of elevated bath surface When the local height of the elevated surface exceeds a certain critical value, the swirl motion is considered to cease.
Comparison of the measured values and eq. (20) suggests that the sub-boundary (4) is expressed by
3.6 Comparison of empirical equations with measured values 3.6.1 Water bath
The measured values shown in Fig. 2 are re-plotted together with eqs. (6), (10), (14), (19) and (21) in Fig. 5 . The sub-boundaries of the occurrence region of swirl motion, (1), (2) , and (3), can be approximated by eqs. (6), (10) , and (14), respectively. The sub-boundary (4) seems to be located between the calculated values of eqs. (19) and (21). Figure 6 shows that the measured values for different vessel diameters are also satisfactorily predicted by the equations.
Kerosene bath
Kerosene was used because its kinematic viscosity and density are close to their respective values of water. The measured values describing the boundary of the occurrence region of the swirl motion are shown in Fig. 7 . Empirical equations, (6), (10) , and (14) are applicable to the kerosene bath as well. The sub-boundary (4) is also located between the calculated values of eqs. (19) and (21).
Fluorinert bath
Fluorinert was chosen to investigate the effect of the density of liquid on the swirl motion. Figure 8 shows that the measured values indicating the boundary can be approximated by eqs. (6), (10), (14), (19) , and (21).
Silicone oil bath
Silicone oil was chosen to investigate the effect of the kinematic viscosity of liquid, L , on the swirl motion. The swirl motion of the silicone oil of L ¼ 10 mm 2 /s was similar to that of water. However, the swirl motions for L ¼ 50 and 100 mm 2 /s were much different from that of water. According to a previous study of bubbling jets in highly viscous liquid, 19) the behavior of rising bubbles changed drastically between L ¼ 10 and 50 mm 2 /s. Further discussion on the effect of the kinematic viscosity of liquid on the swirl motion of a liquid jet will be given in a future study. In the following, data on the boundary only for L ¼ 10 mm 2 /s will be given. Figure 9 shows the aspect ratio, H L =D, indicating the boundary of the occurrence region of swirl motion against the modified Rossby number, Ro m , together with eqs. (6), (10), (14) , (19) , and (21). The measured values showing the boundary are rather scattered. Such a degree of scattering is attributable to the fact that many bubbles are trapped at the bath surface and carried into the bath because this silicone oil is more viscous than water. Anyway, the measured values can be roughly approximated by these empirical equations. 3.7 Applicability of empirical equations to molten steel bath Empirical equations (6), (10), (14), (19) , and (21) are valid for kinematic viscosity, L , of 0.4 mm 2 /s to 10 mm 2 /s and surface tension, , of 50 mN/m to 73 mN/m. These equations are useful for wastewater treatment as long as its kinematic viscosity is smaller than approximately 10 mm 2 /s. The applicability of these equations to molten steel bath must be left for a future study because the density and surface tension of molten steel are much greater than those of the liquids used in this study.
Conclusions
A bottom blown liquid jet exhibited a swirl motion under a certain condition. The boundary of the region in which the swirl motion of the jet occurs can be correlated in terms of the aspect ratio, H L =D, and the modified Rossby number, Ro m . The effects of the physical properties of liquids on the boundary are negligibly small under the present experimental conditions. The boundary is divided into four sub-regions. Discussion was given to obtaining the functional relationship between H L =D and Ro m for each sub-region. Empirical equations, (6), (10) , (14), (19) , and (21), were derived for predicting the sub-boundaries. Further experimental investigations, however, are required to derive a more adequate equation for the sub-boundary (4). 
